
Event display of a top-pair candidate in x-y (left) and r-z (right) views.
This event has one isolated muon, one isolated electron and two hadronic jets 

both passing the tight threshold on the b-tagging discriminant.

MET= 164.0 GeV

Muon pT = 53.8 GeV

Electron
pT = 57.7

Jet 
pT = 81.6 GeV

Jet 
  pT = 56.8 GeV
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·Heaviest known elementary particle 
·Strong coupling to Higgs (EWK loops, gg → H)  

·Timescales → unique features, bare quark 

·Precision measurements of SM parameters  

·Search for New Physics  
·through precision measurements of top quark properties and 

couplings (esp. in case new physics would couple to mass) 
·top is background to many searches

Top-quark Yukawa coupling

• Top quark is special: its Yukawa coupling is of natural scale, yt ⇠ 1
� An indication of a special role in EWSB?

• Can be probed in H production via gluon fusion
or H ! �� decays thanks to top-quark loops
� BSM particles can contribute to the loops

• Direct access to |yt | is provided in tt̄H production
� But a challenging process: �tt̄H ⇡ 130 fb at 8TeV,

�tt̄H/�tt̄ ⇠ 10�3

H
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t

yt
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�

�
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2 Update of the global electroweak fit 9
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Figure 2: Contours at 68% and 95% CL obtained from scans of MW versus mt (top) and MW versus sin2✓`e↵
(bottom), for the fit including MH (blue) and excluding MH (grey), as compared to the direct measurements
(vertical and horizontal green bands and ellipses). The theoretical uncertainty of 0.5 GeV is added to the
direct top mass measurement. In both figures, the corresponding direct measurements are excluded from
the fit. In the case of sin2✓`e↵ , all partial and full Z width measurements are excluded as well (except in
case of the orange prediction), besides the asymmetry measurements.

•  Sensitive to Higgs mass through EWK loop corrections 
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Top quark production   

•  Major source of background for many searches   

•  New physics may preferentially couple/decay to top 

M. Aldaya SM@LHC, 11.04.13 

  Top quarks: key to QCD, electroweak (EWK) and new physics 

•  Large mass  large coupling to Higgs (y ~ 1)   

•  Decays before hadronising: “bare” quark 
δmW ∝ mt

2 

δmW∝ ln(mH) 

  LHC is a ‘top factory’: several million tt events produced at 7 & 8 TeV !!  

 Tool for precise tests of Standard Model (SM), sensitive probe to New Physics 

•  Great opportunity to study the details of tt production mechanisms 
•  In particular, through top-quark kinematic distributions    

•  Production of tt in association with QCD jets or additional particles  
could reveal new physics ; background to ttH and BSM searches 

•  Theory predictions & models need to be tuned & tested with measurements  

•  Sensitive to Higgs mass through EWK loop corrections 
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arXiv:1407.3792

mt, Vtb, Yt, ↵S ,   PDF

Degrassi et al, JHEP08 (2012) 098
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http://arxiv.org/abs/1205.6497
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Top Quark Pairs

EWK Single-Top Production

t̄

t
b

b̄

W+

W�

⌫`+

q̄

q

pp

W-Helicity Fractions 
Branching Ratios, Vtb, 
Rare Decays, FCNC

Mass 
Mass Difference, 
Width, Charge

s, t, tW channel production, 
Polarisation, Vtb, FCNC, W-helicity, mass

Spin Correlations 
Polarisation  
Asymmetries

cross sections, 
kinematics, QCD 

parameters,  
resonances,  
new particles

 Top Quark Properties in Production and Decay
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The Past

·Tevatron pp 1.96 TeV  
·discover 

·scrutinise and measure 

·establish top as SM quark

4

1995 2010

- Christian Schwanenberger -Top Precision and Searches DESY Physics Seminar 10

The Top Quark

- Christian Schwanenberger -Top Precision and Searches DESY Physics Seminar 11

1000s of events

The Top Quark

·LHC Run-I pp (7 and 8 TeV)  
·pp: complementary initial state  
·superior statistics → top factory 
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The Present

5
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 2.91 GeV± 1.50 ±173.50 b hadron lifetime
TOP-12-030 (2013)

 GeV-2.10 +1.70 0.90 ±173.90 Kinematic endpoints
EPJC 73 (2013) 2494

 2.66 GeV± 1.17 ±172.29 b-jet energy peak
TOP-15-002 (2015)

 0.90 GeV± 3.00 ±173.50 ΨLepton+J/
TOP-15-014 (2016)

 GeV-0.97 +1.58 0.20 ±173.68 Lepton+SecVtx
arXiv:1603.06536 (2016)

 GeV-3.09 +2.68 1.10 ±171.70 Dilepton kinematics
TOP-16-002 (2016)

 GeV-0.93 +0.97 0.77 ±172.60 Single top enriched
TOP-15-001 (2016)

 GeV-3.49 +4.38 1.10 ±169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-1.80 +1.70173.80 ) 7+8 TeVt(tσ
arXiv:1603.02303 (2016)

 0.47 GeV± 0.13 ±172.44 CMS 7+8 TeV (2015)
arXiv:1509.04044

 0.71 GeV± 0.27 ±173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

May 2016

 syst.)± stat. ±(value 

CMS Preliminary

/24	24
Benjamin	S*eger	(UNL) LHCTopWG	open	mee0ng,	May	18th	2016

hSp://cms-results.web.cern.ch/cms-results/public-results/publica0ons/CMS	public	results:
)2 (GeV/ctM
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0

9

CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.64±     174.34  0.52)±0.37 ±(

  syst)± stat  ±(

DØ-II lepton+jets 0.76±     174.98  0.63)±0.41 ±(

CDF-II lepton+jets 1.12±     172.85  0.98)±0.52 ±(

CDF-II MET+Jets 1.85±     173.93  1.36)±1.26 ±(

CDF-II alljets * 1.95±     175.07  1.19)±1.55 ±(

DØ-II dilepton 2.80±     174.00  1.49)±2.36 ±(

CDF-II dilepton * 3.26±     170.80  2.69)±1.83 ±(

Mass of the Top Quark

(* preliminary)July 2014

/dof = 10.8/11 (46%)2χ

(Run I and Run II)

mtop = 174.34 ± 0.64syst GeV

Tevatron Run-I and Run-II Combination

mtop = 172.84 ± 0.70syst GeV

ATLAS Combination (8 TeV to come)CMS Run-I Combination

mtop = 172.44 ± 0.49syst GeV

Example: m(top)
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The Present

·Tevatron and LHC Run-I Legacies → 
·measurements of top quark cross sections, 

mass and properties at highest possible 
precision

6

2012 2015

·LHC Run-II Early Analyses (13 TeV) 
·rediscover 
·measure 
·tune

2016

Top turns 21
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Many more results
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New frontiers for Run-II →

The “Staircase-Plot” 

The Present Run-I cross sections

systematics- 
limited

statistics- 
limited
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we’re going here

Run-II Top-Quark Physics: 
·Measurements at Ultimate Precision 
·Properties and couplings (tt and single top) 
·Low-cross-section frontier: tt+X (X=q, γ, V, H)
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Outline of this talk 
·Present Early Run-II Results:                   

tt, single top, tt+jets, ttZ, ttH 

·Showcase Run-I results with direct  
relevance to Run-II goals
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CMS

·LHC Run-I (’10-’12): 25 fb-1 
·Peak inst. luminosity: 8 x 1033 cm-2s-1                 

~  7000 top quark pairs per hour (8 TeV) 
·> 5,000,000 top each CMS and ATLAS 

·LHC Run-II (’15-’18): 100 fb-1 (13 TeV) 

·Expect 80,000,000 tt and 80,000 ttZ

11

CMS Experiment
·Total Weight 14000 t 
·Diameter 15 m 
·Magnetic Field 3.8 T 
·Silicon Pixel and Strip Trackers 
·Crystal ECal, Brass HCal 
·Muon Chambers, DT, RPC, CSC 
·Trigger L1: 100kHz, ~500 Hz to tape

ATLAS
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Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

27Jeannine Wagner-Kuhr Bonn, 12th January 2012

tt event reconstruction using lepton+jets channel 
(CDF)

Perform kinematic fit to top pair event hypothesis:

Constraints: MW=80.4GeV/c², Mt=175GeV/c²,

     Assign identified b-jets to b-quarks

 Float jet pT within uncertainties

 Take hypothesis with smallest χ² 

Several event hypotheses due to jet-parton assignment
ambiguities and due to unknown pz of neutrino

Lepton charge q defines charge of leptonically (l) decaying top

    q=+1 → lept. top  , q = -1 → lept. antitop

Assume that hadronically (h) decaying top quark has opposite charge

    q=+1 → had. antitop  , q = -1 → had. top

Sensitive variables:

and

τ-

Introduction

Cross Sections

� tt cross section at LHC 20
times larger than at Tevatron

� gg fusion is dominating
production process

tt Decay Channels

full hadronic: largest branching fraction
large QCD background

single lepton: golden channel

dileptonic: clearest signature
small fraction
underconstrained kinematics

3 / 15

tt Event Signatures
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10Jeannine Wagner-Kuhr Bonn, 12th January 2012

Top pair event signatures

Dilepton Lepton+jets All hadronic

BG:      few                              moderate                                        huge

BR:     ≈ 5 %                              ≈ 30 %                                         ≈ 44 %

Mainly
W+jets

Mainly
Z+jets

Mainly
multijets

jet

BR ~ 45%

dileptons (e,µ): lepton+jets:

all-hadronic:

_

BR ~ 15%

tau+jets

Top quark events have all experimental signatures: 
leptons, jets, b-jet, MET
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4 4 Measurement strategy

RpT =
pjet

T
pZ

T
(1)

Figure 2 (left) shows the distribution of the pT-Balance variable for data and MC simulation.
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Figure 2: RpT (left) and RMPF (right) distributions for the b-tagged case; the mean of this dis-
tribution is extracted for data and Monte Carlo simulation to compute the response. The MC
distribution is normalized to the total number of events in data.

4.2 Missing ET Projection Fraction

The Missing ET Projection Fraction method (extensively used at the Tevatron [19]) is based on
the fact that Z+jets events have no intrinsic /ET and that, at parton level, the Z boson momentum
is perfectly balanced by the hadronic recoil in the transverse plane.

~pZ
T + ~precoil

T = 0 (2)

For reconstructed objects, this equation can be re-written as:

~pZ
T + Rrecoil~precoil

T = � ~/ET (3)

where Rrecoil is the detector response of the hadronic recoil. Solving the two above equations
for Rrecoil gives

Rrecoil = 1 +
~/ET · ~pZ

T
(pZ

T)
2 ⌘ RMPF. (4)

·Particle Flow  
·Holistic view of all detector information 

·Combination of tracker and calorimeter 
to obtain list of identified particles 

·Jet (and ETmiss)  
·Resolution and scale mostly from γ-jet 

and Z-jet balance. 

·Event-by-event pile-up subtraction 
based on charged component 

· Isolated Leptons (e, µ or τ) 
·Calibrations and efficiencies from 

dilepton resonances (Z, ϒ, J/ψ) 

·b-tagging  
·Combination of several techniques 

(vertex, impact parameter, tracks/
leptons within jets)

Experimental Ingredients

13

Top quark physics: require high-precision leptons, jets and b-tagging

Jets and Missing Transverse Energy

• Use Anti-kT algo (dR<0.5)
• Jet energy scale 

uncertainty <3% for 
30<Pt<200 GeV

• Jet Pt resolution 10-15%

• Big improvement from 
complementing calorimeter 
with tracking information 
(Particle Flow, also for 
Jets)

!"#$%#&$!! '()*+,-./.(01234554*600, 78109:;0-3<=42= !$

Particle Flow

CMS DP-2012/012

2/21Florian Beaudette – CERN/LLR 

Overview: the Particle Flow algorithmOverview: the Particle Flow algorithm

HCAL

Clusters

ECAL

Clusters

Tracks

detector

particle-flow

The list of individual particles is then used to build jets, to 

determine the missing transverse energy, to reconstruct and 

identify taus from their decay products, to tag b jets … 

CMS JME-13-001

relative b-jet corr.: 
0.998 ± 0.005 

RMPF

Z+b

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME13001
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LHC (13 TeV) Tevatron

gg/gq ~90% ~15%

qq ~10% ~85%
_
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

Top quark pair production at LHC predominantly from gluons

  Top-Quark Pair Production
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Good perturbative convergence: scale variation @ LHC 
  Independent F/R scales 
  mt=173.3 

  Good overlap of various orders (LO, NLO, NNLO). 
  Suggests our (restricted) independent scale variation is good 

tT x-section at NNLO                                                                           Alexander Mitov                                                              Top WG mtg, 19 April 2013 

Czakon, Fiedler, Mitov  PRL 110 (2013) 252004

NNLO
NLO
LO
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Fig. 2. Left: The HERAPDF1.5NNLO PDF 23, evaluated at a scale µ2 = 10 000 GeV2. The
behavior for µ2 = m2

t

⇠ 30 000 GeV2 is qualitatively similar. Right: Approximate NNLO tt̄ total
cross section as function of ↵

s

(M2
Z

) for m
t

= 171.3 GeV 24 , evaluated for various choices of
PDF sets using the HATHOR 25 program, and compared with measurements from ATLAS 26 and
CMS 27.

often identifies µ = µr = µf . In the case of the total cross section, one usually
sets µ = mt. However, in the case of di↵erential cross sections, other choices are
more appropriate since additional hard scales may be given, for example by the
transverse momentum of a jet pT,jet, or by the top-quark pair invariant mass Mt¯t.
The variation of the cross section when the scale is changed within a certain range
(often µ/2�2µ) is commonly used as an estimate of the uncertainty due to missing
higher orders (so-called scale uncertainty), even though the range of variation chosen
is in principle arbitrary.

The universal (i.e., process independent) proton PDF fi(xi, µ
2

f ) are determined
by several groups (see, e.g., Refs. 28, 29, 30, 31, 32) from global fits to experimental
data on deep-inelastic scattering (especially from the high precision HERA ep data),
but also on jet and heavy quark production at hadron colliders. At the LHC withp
s = 7 (14) TeV, around 80 (90)% of the total cross section is due to the gg induced

contribution, while the remainder is mostly due to the qq̄ initial state. This is due
to the large gluon density in the proton at small x (Fig. 2) and the fact that the
typical value of x = 2mt/

p
s (due to the minimal energy needed of ŝ > 4m2

t and
setting x

1

= x
2

) is 0.05 (0.025) at
p
s = 7 (14) TeV. At the Tevatron pp̄ collider,

the situation was reversed with the qq̄ contribution dominating and the PDF being
probed at much larger x values (around x = 0.2). At both colliders, the gq (gq̄)
contributions contribute only at the percent level, since they are suppressed by an
additional factor ↵s.

The NLO QCD O(↵3

s) corrections to the total tt̄ cross section are known since
more than 20 years 33,34,35. The mixed QCD-weak corrections of O(↵2

s↵) were com-
puted in Refs. 36, 37, 38, 39, 40, 41 and the mixed QCD-QED corrections were
determined in Ref. 42. There are also calculations of tt̄ production at NLO QCD
which include the top quark decays and the correlations between production and

Full NNLO available since early 2013 - scale and pdf uncertainties 2-3%

LHC (13 TeV) Tevatron

gg/gq ~90% ~15%

qq ~10% ~85%
_

  Top-Quark Pair Production

http://arxiv.org/abs/1303.6254
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12 6 Signal extraction and cross section measurement

|
j'

η|
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en
ts
/0
.2
5

0

0.5

1

1.5

2

2.5

3
310×

Data
-channelt

-channels, tW, tt
W/Z+jets, dibosons
QCD multijet 
Syst. uncertainty

, muon +, 2-jet 1-tag-1 = 8 TeV, L = 19.7 fbsCMS, 310×

|
j'

η|
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en
ts
/0
.2
5

0
0.2
0.4
0.6
0.8
1

1.2
1.4

1.6
1.8

310×

Data
-channelt

-channels, tW, tt
W/Z+jets, dibosons
QCD multijet 
Syst. uncertainty

, electron +, 2-jet 1-tag-1 = 8 TeV, L = 19.7 fbsCMS, 310×

|
j'

η|
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en
ts
/0
.2
5

0

0.5

1

1.5

2

2.5

310×

Data
-channelt

-channels, tW, tt
W/Z+jets, dibosons
QCD multijet 
Syst. uncertainty

, muon -, 2-jet 1-tag-1 = 8 TeV, L = 19.7 fbsCMS, 310×

|
j'

η|
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ev
en
ts
/0
.2
5

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

310×

Data
-channelt

-channels, tW, tt
W/Z+jets, dibosons
QCD multijet 
Syst. uncertainty

, electron -, 2-jet 1-tag-1 = 8 TeV, L = 19.7 fbsCMS, 310×

Figure 9: Fitted |hj0 | distributions for muon (upper left, lower left) and electron (upper right,
lower right) decay channels, normalised to the yields obtained from the combined single t and
t cross section ratio fit. Systematic uncertainty bands include the shape uncertainties on the
distributions.

t-channel properties in the signal sample after normalising each process to the fit results. The
reconstructed top-quark mass m`nb in the region with |hj0 | > 2.5, after scaling each process
contribution to the normalisation obtained from the fit, is shown in figure 10. This region is
expected to be depleted of background events and enriched in t-channel signal events, hence
displaying a characteristic peak around the top-quark mass value, which appears clearly in
data for both the muon and the electron channels.
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Figure 10: Distribution of reconstructed top-quark mass m`nb for muon (left) and electron
(right) decay channels, in the region with |hj0 | > 2.5, the contribution of each process is scaled
to the cross section derived from the fit. Systematic uncertainty bands include the shape uncer-
tainties on the distributions and uncertainties on the normalisation in the |hj0 | > 2.5 region.

Single-Top Production
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Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 
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FIG. 1: Discriminant distributions for the ℓ+E̸T +jets analyses. The data are indicated with points, and the predictions are
shown separately for each contribution with stacked histograms. The signal expectations shown are the SM predictions. The
insets show the distributions of the candidate events in the high-discriminant region.
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FIG. 2: Discriminant distributions for the (a) SD, and (b) MJ analyses (see Fig. 1 for their caption and legend). Figure (c)
shows the distribution of the likelihood ratio test statistic −2 ln Q.

sample with s/b > 5.0 in the most sensitive region, al-
lowing for a significant outcome in the presence of these
conservative systematic uncertainties. We observe single
top quark production for the first time with a significance
of 5.0 standard deviations.

We thank the Fermilab staff and the technical staffs
of the participating institutions for their vital contribu-
tions. This work was supported by the U.S. Department
of Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the Humboldt Foundation, the Na-
tional Science Council of the Republic of China; the Swiss

National Science Foundation; the A.P. Sloan Foundation;
the Bundesministerium für Bildung und Forschung, Ger-
many; the Korean Science and Engineering Foundation
and the Korean Research Foundation; the Science and
Technology Facilities Council and the Royal Society, UK;
the Institut National de Physique Nucleaire et Physique
des Particules/CNRS; the Russian Foundation for Ba-
sic Research; the Ministerio de Ciencia e Innovación,
and Programa Consolider-Ingenio 2010, Spain; the Slo-
vak R&D Agency; and the Academy of Finland.

CDF: 2009 CMS 8 TeV

complex multivariate analysis simple kinematic analysis

·Test of EW interactions 
·Vtb / 4th generation / FCNC  
·Sensitivity to b-PDF and u/d-PDF

Single-top cross sections at Run-II are as large as the tt cross section at Run-I
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Energy Dependence
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tt̄V (V = W,Z) and tZ + t̄Z processes

Campbell et al, Phys.Rev.

D87 (2013) 114006

Large final state mass =) large gain in cross section when
p
s increased. tZ + t̄Z

cross section larger by a factor of 4 at 14 TeV compared to 8 TeV. ⇡ 1 pb cross
section; cross section of tt̄Z comparable to tZ + t̄Z.

Backgrounds are rare SM processes, e.g. WZbb̄+jets; in addition, tZ + t̄Z is a
background to tt̄V (V = W,Z). Relatively little is known about these processes.

tt̄V, tZ are important backgrounds in a number of BSM searches, especially for

naturalness motivated models involving multiple leptons, b-tagged jets and 6ET .

20 / 33

Campbell, Ellis, Roentsch  Phys.Rev. D87 (2013) 114006

10 Hz (at 1034)

2 Hz (at 1034)

0.01Hz (at 1034)

Cross section driven by rise of gluon density to low x: 
→ bulk tt sample does not look substantially different
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http://arxiv.org/abs/1302.3856
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·eµ channel is most precise 
·high purity 
·high acceptance 

·LHCtopWG Run-I combinations 
underway
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ATLAS+CMS Preliminary  = 8 TeV   s summary, 
tt

σ WGtopLHC May 2016

NNLO+NNLL  PRL 110 (2013) 252004
0.001±) = 0.118

Z
(Msα = 172.5 GeV, topm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

ABM12
) = 0.113

Z
(Msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJ C75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

total  stat
 (lumi)± (syst) ± (stat) ± ttσ

Effect of LHC beam
energy uncertainty: 4.2 pb 
(not included in the figure)

ATLAS, lepton+jets
PRD 91 (2015) 112013, -1 = 20.3 fbintL

 8 pb±  23−
 22+ 1 ±260 

CMS, lepton+jets
arXiv:1602.09024, -1 = 19.6 fbintL

 6.0 pb± 13.7 ± 3.8 ±228.5 

hτCMS, lepton+
PLB 739 (2014) 23, -1 = 19.6 fbintL

 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
EPJ C74 (2014) 3109, -1 = 20.3 fbintL

 7.5 pb± 5.5 ± 1.7 ±242.4 

)µ, eµµCMS, dilepton (ee, 
JHEP 02 (2014) 024, -1 = 5.3 fbintL

 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016, 

-1 = 5.3 - 20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

µCMS, dilepton e
arXiv:1603.02303, -1 = 19.7 fbintL

 6.4 pb±  5.5−
 6.3+ 1.4 ±244.9 

CMS, all jets
EPJ C76 (2016) 128, -1 = 18.4 fbint     L  7.2 pb± 37.8 ± 6.1 ±275.6 

Jan Kieseler

New summary plots
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(lumi)±(syst) ±(stat) ± 
tt

σ

Effect of LHC beam energy uncertainty: 4.2 pb 
(not included in the figure)

ATLAS, lepton+jets
PRD 91 (2015) 112013, -1=20.3 fbintL

 8 pb±  23−
 22+ 1 ±260 

CMS, lepton+jets
arXiv:1602.09024, -1=19.6 fbintL

 6.0 pb± 13.7 ± 3.8 ±228.5 

hτCMS, lepton+
PLB 739 (2014) 23, -1=19.6 fbintL

 7 pb± 24 ± 3 ±257 

µATLAS, dilepton e
EPJ C74 (2014) 3109, -1=20.3 fbintL

 7.5 pb± 5.5 ± 1.7 ±242.4 

)µ, eµµCMS, dilepton (ee, 
JHEP 02 (2014) 024, -1=5.3 fbintL

 6.2 pb± 11.3 ± 2.1 ±239.0 

 (Sep 2014)µLHC combined e
ATLAS-CONF-2014-054, CMS-PAS TOP-14-016, 

-1=5.3-20.3 fbintL

 6.2 pb± 5.7 ± 1.4 ±241.5 

µCMS, dilepton e
arXiv:1603.02303, -1=19.7 fbintL

 6.4 pb±  5.5−
 6.3+ 1.4 ±244.9 

CMS, all jets
arXiv:1509.06076, -1=18.4 fbintL  7.2 pb± 37.8 ± 6.1 ±275.6 

OLD

σtt Run-I LHCtopWG

Jan Kieseler 5 [pb]ttσ
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ATLAS+CMS Preliminary  = 7 TeV   s summary, 
tt
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(*) Superseded by results shown below the line

WGtopLHC May 2016

NNLO+NNLL  PRL 110 (2013) 252004
0.001±) = 0.118

Z
(Msα = 172.5 GeV, topm

scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat

ABM12
) = 0.113

Z
(Msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJ C75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

 (lumi)± (syst) ± (stat) ± ttσ

Effect of LHC beam
energy uncertainty: 3.2 pb 
(not included in the figure)

ATLAS, l+jets -1=0.7 fbintL 7 pb± 9 ± 4 ±179 
ATLAS, dilepton (*) -1=0.7 fbintL pb 7−

 8+   11−
 14+ 6 ±173 

ATLAS, all jets (*) -1=1.0 fbintL 6 pb± 78 ± 18 ±167 
ATLAS combined -1=0.7-1.0 fbintL 7 pb±  7−

 8+ 3 ±177 
CMS, l+jets (*) -1=0.8-1.1 fbintL 7 pb± 12 ± 3 ±164 
CMS, dilepton (*) -1=1.1 fbintL 8 pb± 16 ± 4 ±170 

 (*)µ+hadτCMS, -1=1.1 fbintL 9 pb± 26 ± 24 ±149 
CMS, all jets (*) -1=1.1 fbintL 8 pb± 40 ± 20 ±136 
CMS combined -1=0.8-1.1 fbintL 8 pb± 11 ±  2 ±166 
LHC combined (Sep 2012) -1=0.7-1.1 fbintL 6 pb±  8 ±  2 ±173 

νµX→ATLAS, l+jets, b -1=4.7 fbintL 3 pb± 17 ± 2 ±165 
, b-tagµATLAS, dilepton e -1=4.6 fbintL 3.6 pb± 4.2 ± 3.1 ±182.9 

miss
T-E

jets
, NµATLAS, dilepton e -1=4.6 fbintL 3.3 pb±  9.5−

 9.7+ 2.8 ±181.2 
+jetshadτATLAS, -1=1.7 fbintL 46 pb± 18 ±194 

ATLAS, all jets -1=4.7 fbintL 7 pb±  57−
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 4.5+ 2.1 ±173.6 

+lhadτCMS, -1=2.2 fbintL 3 pb± 22 ± 14 ±143 
+jetshadτCMS, -1=3.9 fbintL 3 pb± 32 ± 12 ±152 

CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 

8 TeV 7 TeV

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
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Jan Kieseler 8

• Precision already increased w.r.t previous results 
• Precision of prediction increases with higher √s  (smaller PDF uncertainties) 
➡Stay tuned
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LHCtopWG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
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σtt Run-II: the first 42 pb-1 (July ’15)
·Opposite-charge eµ + 2 jets (no b-tag) 

·Simple cuts → very pure tt sample 

·DY background from data 

·tW background dominant

20

Still statistics limited
Δσ/σ≈11%

Source Δσ/σ (%)

Statistics 7.8

Luminosity 4.8

Trigger/selection 5.6

Signal modelling 2.6

PDF 2.4

Backgrounds 2.1

Phys. Rev. Lett. 116, 052002 (2016)

σtt = 746 ± 58stat ± 53syst ± 36lumi pb

Published in October 2015 
3rd CMS Paper on Run-II

reject select

http://arxiv.org/abs/1510.05302
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Shrink systematics further with more data

Source Δσ/σ (%)

Statistics 1.0

Luminosity 2.7

Trigger/selection 2.5

Signal modelling 2.6

PDF 0.6

Backgrounds 1.5

TOP-16-005

Δσ/σ≈5.6%

σtt = 793 ± 8stat ± 38syst ± 21lumi pb

Spring 2016

·Opposite-charge eµ + 2 jets (1 b-tag) 

·Simple cuts → very pure tt sample 

·DY background from data 

·tW background dominant

reject select
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σtt Run-I Legacy
·Opposite-charge eµ 

·12 categories of Njet and Nb-tag 

·Constrain backgrounds and systematics              
in visible phase space 

·Extrapolate to full phase space

22

arXiv:1603.02303

σtt (8 TeV) = 244.9 ± 1.4stat + 6.3-5.5 syst ± 6.4lumi pb
Δσ/σ≈3.7%

σtt (7 TeV) = 173.6 ± 2.1stat + 4.5-4.0 syst ± 3.8lumi pb

6.2 Event counting method 13

Figure 7: Fitted total event yield for zero additional non-b-tagged jets (left) and pT of the non-
b-tagged jet with the lowest pT in the event (right) for events with one, two, and at least three
additional non-b-tagged jets, and with zero or more than two (top row), one (middle row), and
two (bottom row) b-tagged jets at

p
s = 8 TeV. The last bin of the pT distributions includes

the overflow events. The hatched bands correspond to the sum of statistical and systematic
uncertainties in the event yield for the sum of signal and background predictions after the fit,
and include all correlations. The ratios of data to the sum of the predicted yields are shown at
the bottom of each plot. Here, an additional solid grey band represents the contribution from
the statistical uncertainty in the MC simulation.

6.2 Event counting method 13

Figure 7: Fitted total event yield for zero additional non-b-tagged jets (left) and pT of the non-
b-tagged jet with the lowest pT in the event (right) for events with one, two, and at least three
additional non-b-tagged jets, and with zero or more than two (top row), one (middle row), and
two (bottom row) b-tagged jets at

p
s = 8 TeV. The last bin of the pT distributions includes

the overflow events. The hatched bands correspond to the sum of statistical and systematic
uncertainties in the event yield for the sum of signal and background predictions after the fit,
and include all correlations. The ratios of data to the sum of the predicted yields are shown at
the bottom of each plot. Here, an additional solid grey band represents the contribution from
the statistical uncertainty in the MC simulation.

1 b-tag 2 b-tag

http://arxiv.org/abs/1603.02303
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σtt Run-I Legacy

·Detector response: constrain systematics from 
experiment within fiducial phase space 

·Acceptance: Unconstrained theory uncertainties 
for extrapolation to full phase space

23

Source Δσ/σ (%)

Trigger 1.2
Lepton ID 1.5

Jet Energy Scale 0.8

Drell-Yan Bg. 1.4

b-tag 0.5

Luminosity 2.6

Total visible 3.6

Scale (extrap.) 0.2
ME/PS (extrap.) 
matching

0.2

Top pt (extrap.) 0.5

PDF (extrap.) 0.1

arXiv:1603.02303

σtt (8 TeV) = 244.9 ± 1.4stat + 6.3-5.5 syst ± 6.4lumi pb
Δσ/σ≈3.7%

σtt (7 TeV) = 173.6 ± 2.1stat + 4.5-4.0 syst ± 3.8lumi pb

http://arxiv.org/abs/1603.02303
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σtt Run-II: Challenges

                        Run-II Shopping List 
·Experimental 
·Trigger (OR with single lepton triggers) 

·Lepton ID (beat down systematics with statistics) 

·Backgrounds (additional fit categories) 

·Luminosity 

·Also measure tt/Z ratio and tt+tW cross sections 

·Theory 
·NLO+PS Monte Carlos (LHE weights to reduce 

statistical effects and increase sample sizes) 

·PYTHIA8, Herwig7, EvtGen  

·improved MC tuning 

·improved PDF

24

Source Δσ/σ (%)

Trigger 1.2
Lepton ID 1.5

Jet Energy Scale 0.8

Drell-Yan Bg. 1.4

b-tag 0.5

Luminosity 2.6

Total visible 3.6

Scale (extrap.) 0.2
ME/PS (extrap.) 
matching

0.2

Top pt (extrap.) 0.5

PDF (extrap.) 0.1

arXiv:1603.02303

σtt (8 TeV) = 244.9 ± 1.4stat + 6.3-5.5 syst ± 6.4lumi pb
Δσ/σ≈3.7%

σtt (7 TeV) = 173.6 ± 2.1stat + 4.5-4.0 syst ± 3.8lumi pb

http://arxiv.org/abs/1603.02303
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σtt Run-I Legacy: Stop Limit
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CMS

σtt (8 TeV) = 244.9 ± 1.4stat + 6.3-5.5 syst ± 6.4lumi pb
Δσ/σ≈3.7%

σtt (7 TeV) = 173.6 ± 2.1stat + 4.5-4.0 syst ± 3.8lumi pb

·Simplified model with two parameters (mstop and mχ)  

·Light stop production σ(MSSM) ~15% of σtt
·Precision cross section measurement can fill gap at mtop ≈ mstop
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arXiv:1603.02303

Top	Squark	Pair	ProducEon	

12	

m !t( ),m !χ1
0( )

m !t( ) ≈ m !χ1
0( )+mt σ tt (and	xbar	spin	correlaEons)	

m !t ; !χ1
0( )∉185−189 GeV

arXiv:1603.02303	
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2

4

6

8  GeV-4.70 +5.20167.50 ), 1.96 TeVt(tσD0 
PLB 703 (2011) 422
MSTW08 approx. NNLO

 GeV-3.40 +3.30169.50 ), 1.96 TeVt(tσD0 
D0 Note 6453-CONF (2015)
MSTW08 NNLO

 GeV-3.20 +3.40172.80 ), 1.96 TeVt(tσD0 
arXiv:1605.06168 (2016)
MSTW08 NNLO

 GeV-2.60 +2.50172.90 ), 7+8 TeVt(tσATLAS 
EPJC 74 (2014) 3109

 GeV-2.11 +2.28173.70 +j shape, 7 TeVtATLAS t
JHEP 10 (2015) 121

 GeV-1.80 +1.70173.80 ), 7+8 TeVt(tσCMS 
arXiv:1603.02303 (2016)

 GeV-3.66 +4.52169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-0.76 +0.76173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427, standard measurements

May 2016Top-quark pole mass measurements

·From cross section extract top quark mass within 
theoretically well defined scheme (e.g. pole mass) 

·Assume αS and PDF and compare to NNLO

26

Δm/m=1%

With current δσtheoryNNLO ≈ 5.5%:           
could reach δmtpole ≈ 0.5% with δσexp = 2%

σtt Run-I Legacy: Pole Mass arXiv:1603.02303

Pole mass measurements 
numerically consistent with        

standard top mass measurements 

http://arxiv.org/abs/1603.02303
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σtt: αS and PDF

·Competitive measurement of αS 

·Demonstrated constraint of gluon density 
at high x 

·Run-II: Aim to constrain quark masses, 
αS, and PDF simultaneously

27

PLB 728(2013) 496

performed by fitting 14 free parameters in Eqs. (17-21). Additional constraints BU = BD and

AU = AD(1 − fs) are imposed by fs that is the strangeness fraction defined as fs = s̄/(d̄ + s̄),

which is fixed to fs = 0.31 ± 0.08 as in the analysis of Ref. [108].

A comparison of the PDFs resulting from the fit obtained by using only the HERA DIS

data and that obtained by employing the HERA DIS in addition to the CMS lepton charge

asymmetry measurements, shows effects on the central value of the light-quark distributions

and on the reduction of the uncertainties which are similar to the findings reported by the CMS

collaboration in a recent QCD analysis [106] at NLO. A slight reduction of the uncertainty

of the gluon distribution in the HERA DIS + CMS lepton asymmetry fit with respect to the

fit including the HERA DIS only, is ascribed to the improved constraints on the light-quark

distributions through the sum rules.

         NNLO 14 parameter fit
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Figure 8: Uncertainties of the gluon distribution as a function of x, as obtained in our NNLO

fit by using: inclusive DIS measurements only (light shaded band), DIS and W lepton charge

asymmetry data (hatched band), and DIS, lepton charge asymmetry and the tt̄ production

measurements (dark shaded band), shown at the scales of Q2 = 100 GeV2 (left) and Q2 = m2
H

(right). The ratio of g(x) obtained in the fit including tt̄ data to that obtained by using DIS

and lepton charge asymmetry, is represented by a dotted line.

The inclusion the tt̄ measurements in the current NNLO PDF fit leads to a change of the

shape of the gluon distribution and a moderate improvement of its uncertainty at large x. This

is observed in particular at high scales, as illustrated in Fig. 8. By increasing the scale, the

quantitative reduction of the uncertainty of the gluon distribution remains similar, but it sets

in at lower values of x. A similar effect is observed, although less pronounced, when only the

total or only the differential tt̄ cross section measurements are included in the fit. The results

of our full PDF fit, demonstrating a moderate improvement of the uncertainty on the gluon

distribution, confirm the observation reported in the reweighting analysis [46] which uses only

the total tt̄ cross sections.

The analysis presented here uses the normalized differential cross sections for tt̄ production.
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 1.4 GeV± = 173.2 pole
t; mttσ; NNLO+NNLL for -1 = 7 TeV, L = 2.3 fbsCMS, 

TOP-12-022

Same approach as for the mt

extraction, but now leave ↵S free

Need external mt constraint:
take Tevatron average, adding

± 1 GeV for mMC
t

?
= m

pole
t

First determination of ↵S at
NNLO from a hadron collider

↵S(mZ ) = 0.1151+0.0033
�0.0032

with NNPDF2.3

Competitive precision
(similar to results using LEP2 data)

2014-03-25, Mainz S. Naumann-Emme: QCD Studies With CMS Data 19 / 25

for fixed mtop= 173.2 ± 1.4 GeV and NNPDF2.3  

from  
σtt (7 TeV)

Differential measurements and 
calculations at NNLO are available

http://arxiv.org/abs/1307.1907
https://arxiv.org/abs/1410.6765
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Run-II Single-top quark
·First cross section measurements 
·1µ + 2 jets + 1 b-tag  

·Neural Net 

·bg from control regions (3j1b, 3j0b) 

·Constraints on u- and d-quark ratio

28

TOP-16-003

Δσ/σ≈15%

σt(13 TeV) = 228 ± 9stat ± 14exp ± 28theo ± 6lumi pb

     R = σ(t)/σ(t)
_

Single top production t-channel by charge 

•  Single top and single anti-top 
production ratio reflect 
quark content of proton 

Wouter Verkerke, NIKHEF  

CMS-PAS-TOP-12-038 

ATLAS-CONF-2012-056 

√s=8 TeV 

√s=7 TeV 

15 

µ+
Single top production t-channel by charge 

•  Single top and single anti-top 
production ratio reflect 
quark content of proton 

Wouter Verkerke, NIKHEF  

CMS-PAS-TOP-12-038 

ATLAS-CONF-2012-056 

√s=8 TeV 
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·Run-II Early Analyses: Very first 
differential measurement available 

·Most properties measurements 
rely on precise differential  cross 
sections 

·Example from Run-I: Single-top 
quark polarisation 
·V-A: expect top quarks to be highly 

polarised: APtheo = 0.44  

·Possible depolarisation due to BSM

Differential Single-Top Measurements
DifferenEal	Single-Top	t-Channel	at	√s	=	13	TeV	

§  Data	distribuEons	(corrected	to	parton	level)	compared	
to		NLO+PS	MCs	in	the	4	or	5	flavor-schemes.		

24	
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JHEP 04 (2016) 073

A whole program of detailed studies (differential distributions, mass, properties, couplings) lies ahead

Ap = 0.26 ± 0.03stat ± 0.10syst

http://arxiv.org/abs/1511.02138
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Single-Top Quark Cross Sections

Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 
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Single top-quark production
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t-channel

Wt

s-channel

ATLAS t-channel
ATLAS-CONF-2015-079

112006, ATLAS-CONF-2014-007, (2014) PRD90

CMS t-channel
CMS-PAS-TOP-16-003

090, (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt
064 (2016) 142, JHEP01 (2012) PLB716

CMS Wt
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination, Wt
ATLAS-CONF-2016-???, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB756

L., ATLAS-CONF-2011-118 95% C.

CMS s-channel
L.      7+8 TeV combined fit 95% C.×

L. arXiv:1603.02555 95% C.

58 (2014) PLB736NNLO 
, MSTW2008nnloVeG = 172.5topm

scale uncertainty

091503, (2011) PRD83NNLL  + NLO
054028 (2010) 054018, PRD81 (2010) PRD82

, MSTW2008nnloVeG = 172.5topm
 contribution removedtWt: t

 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ, VeG = 172.5topm

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 60 =  removalt veto for tb

T
Wt: p

VeG 65 =
F

µ                              and 
scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 
VeG = 172.5

top
All exp. results are w.r.t. m

stat  total

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
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·Vtb enters in production 
and decay → σ ∝ |Vtb|2

Single	Top	Cross	SecEon	at	√s	=	13	TeV	

22	

§  Event	selecEon:	1	µ,	2	or	3	jets,	1	or	2	b-jets.	
§  Signal	from	MVA	discriminator	with	nj,	mlνb,	mjb,	mT(W),	…		

σ t−ch. t + t( ) = 227.8± 9.1 stat( )±14.0 exp( )−27.7
+28.7 theo( )± 6.2 lumi( ) pb = 227.8−33.0+33.7 pb

Vtd , Vts << Vtb ,Βr ≅1

→ fV
LVtb =

σ t−ch.

σ
t−ch.

theo. =1.02± 0.07 exp( )± 0.02 theo( )
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M.	Aliev	et	al.	arXiv:1007.1327	

TOP-16-003	

7+8	TeV	à	δ|Vtb|=4%	

Result	dominated	by	signal	
modelling	and	QCD	scale	
uncertainEes.		

Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 

Vtb
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LHCtopWG

|tbVLV|f
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

ATLAS+CMS Preliminary WGtopLHC

  from single top quark production
theoσ
measσ| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD83 (2011) 091503, PRD82 (2010) 054018,       
PRD81 (2010) 054028       

 PDF⊕: scale theoσ∆

 = 172.5 GeVtopm

May 2016

 including top-quark mass uncertainty1 

 including beam energy uncertainty2 (*) Superseded by results shown below the line

total  theo

 (theo)± (meas) ±| tbVLV|f
t-channel:

Wt:

s-channel:

Wt:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

CMS 13 TeV
 )1−CMS-PAS-TOP-16-003  (2.3 fb

 0.02± 0.07 ±1.02 

ATLAS 13 TeV
 )1−ATLAS-CONF-2015-079  (3.2 fb

 0.02± 0.11 ±1.03 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 

ATLAS 8 TeV (*)
 )1−ATLAS-CONF-2013-100  (20.3 fb

 0.03± 0.12 ±1.10 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-???,

 0.04± 0.08 ±1.02 

 2ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 

 1,2ATLAS 8 TeV
 )1−JHEP 01 (2016) 064  (20.3 fb

 0.03± 0.10 ±1.01 

Run-I: δVtb ≈ 4%

Run-II: δVtb ≈ 7%

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
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Vtb and FCNC

32

FCNC$Top$Decay$Searches$

! TOPO12O037$
o  FCNC.mediated.by.Z,$8$
TeV,$trilepton$

o  postOFR$
! 8$TeV,$dilepton$

o  PAS$spring$2014$
! FCNH,$H"WW,ZZ,ττ$
(TOPO13O017)$
o  8$TeV,$PAS$winter$2014$

! FCNH,$H"bb$
o  just$begun$
o  PAS$spring$2014$

! FCNH,$H"γγ$
o  just$begun$
o  PAS$spring$2014$
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" any$evidence$of$FCNC$will$
indicate$the$existence$of$new$
physics.$$
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Occurs.only.at.the.level.of.quantum.loop.
correc1ons.with.�(t!Xq)~10H17H10H12,.
X=H,γ,Z,g.
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6.3 Measurement of R 13
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Figure 6: Variation of the log of the profile likelihood ratio (l) used to extract R from the data.
The variations observed in the combined fit and in the exclusive ee, µµ, and eµ channels, are
shown. The inset shows the inclusive b-tagged jet multiplicity distribution and the result of the
fit.

and the fraction of correct assignments ( fcorrect) from the data; these quantities are affected by
theoretical uncertainties related to the description of tt events, which have similar impact on the
final measurement, such as µR/µF, ME-PS, signal generator, top-quark mass, and top-quark pT.
Instrumental contributions from JES and JER, modelling of the unclustered Emiss

T component in
simulation, and the contribution from the DY and misidentified-lepton backgrounds are each
estimated to contribute a relative systematic uncertainty <0.6%. Another source of uncertainty
is due to the contribution from extra sources of heavy-flavour production, either from gluon
splitting in radiated jets or from decays in background events such as W ! cs. This effect has
been estimated in the computation of #q⇤ by assigning a conservative uncertainty of 100% to
the c and b contributions. The effect of the uncertainty in the misidentification efficiency is esti-
mated to be small (<1%), as well as other sources of uncertainty, such as pileup and integrated
luminosity.

If the three-generation CKM matrix is assumed to be unitary, then R = |Vtb|2 [4]. By perform-
ing the fit in terms of |Vtb|, a value of |Vtb| = 1.007 ± 0.016 (stat.+syst.) is measured. Upper
and lower endpoints of the 95% CL interval for R are extracted by using the Feldman–Cousins
(FC) frequentist approach [54]. The implementation of the FC method in ROOSTATS [55] is
used to compute the interval. All the nuisance parameters (including #b) are profiled in order
to take into account the corresponding uncertainties (statistical and systematic). If the condition
R  1 is imposed, we obtain R > 0.955 at the 95% CL. Figure 7 summarizes the expected limit
bands for 68% CL, 95% CL, and 99.7% CL, obtained from the FC method. The expected limit
bands are determined from the distribution of the profile likelihood obtained from simulated
pseudo-experiments. The upper and lower acceptance regions constructed in this procedure
are used to determine the endpoints on the allowed interval for R. In the pseudo-experiments
the expected signal and background yields are varied using Poisson probability distributions

PLB 736 (2014) 33

From top quark decays  
assuming CKM unitarity: Vtb > 0.972 at 95%CL

Many FCNC results available, closing in on some BSM models,  
statistics limited → expect significant improvements in Run-II
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·Measure top quark kinematic distributions 
·Scrutinize theory predictions and models 
·Acceptances, efficiencies  
·Sensitivity to new physics 
·Goal: simultaneously determine                                  

mtop, αS, PDF 

·Main analysis ingredients: 
·Kinematic reconstruction 

·Unfolding for comparison with                                        
fixed order calculations 

Differential tt Cross Sections

5 

Reconstruction of the ttbar pair   

M. Aldaya ICHEP 2012, 05.07.12 

  Needed to reconstruct top and ttbar observables 

•  Input: 4-vectors 

•  Lepton and up to 5 leading jets 

•  2-btagged jets 

•  νl: ET
miss with pz = 0 initially 

 

•  Vary 4-vectors within their  
resolutions to satisfy: 

•  mt = mtbar 

•  mW = 80.4 GeV 

•  Permutation with the minimum χ2 is taken 
 
 

 

Lepton+jets: Kinematic fit 

Dileptons: Kinematic reco 

•  Underconstrained (2 neutrinos) 
•  2 b-jets (or leading jets), 2 leptons, 
ETmiss 

•  Constraints: 
     - mW = 80.4 GeV 
     - px,y(ν1) + px,y(ν2) = ETmiss

x,y 
     - mt = mtbar = fixed 
 

       with mt varied in steps of 1 GeV,  
       between 100 - 300 GeV  
 

•  Solution with most probable E(ν)  
compared to simulated spectrum  
is taken 

For dσ/dmtt only: 
 

•  4-vector sum of the 2 leading  
jets, 2 leptons and ETmiss 

33

4.3 Kinematic Top-Quark-Pair Reconstruction 7
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Figure 2: Basic kinematic distributions after event selection for the dilepton channels. The
top left plot shows the multiplicity of the reconstructed b-tagged jets. The multiplicity of the
reconstructed jets (top right), the pT of the selected isolated leptons (bottom left), and the pT of
the reconstructed jets (bottom right) are shown after the b-tagging requirement. The Z/g⇤+jets
background is determined from data (cf. Section 4.2).

10 5 Systematic Uncertainties
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(cf. Section 4.2).

4.3 Kinematic Top-Quark-Pair Reconstruction 7

b-jetsN
0 1 2 3 4 5 6

Ev
en

ts

1

10

210

310

410

510
 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

jetsN
2 3 4 5 6 7 8 9

Ev
en

ts

1

10

210

310

410

510
 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

GeV Tp
50 100 150 200 250

Le
pt

on
s 

/ 1
0 

G
eV

0

1

2

3

4

5

6

7

8
310×

 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

GeV Tp
50 100 150 200 250 300 350 400

Je
ts

 / 
10

 G
eV

1

10

210

310

410

510
 = 7 TeVs at -1CMS, 5.0 fb

Dilepton Combined Data
 Signaltt
 Othertt

Single Top
W+Jets

µµ ee/→* γZ / 
ττ →* γZ / 

Diboson
QCD Multijet

Figure 2: Basic kinematic distributions after event selection for the dilepton channels. The
top left plot shows the multiplicity of the reconstructed b-tagged jets. The multiplicity of the
reconstructed jets (top right), the pT of the selected isolated leptons (bottom left), and the pT of
the reconstructed jets (bottom right) are shown after the b-tagging requirement. The Z/g⇤+jets
background is determined from data (cf. Section 4.2).
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Differential distributions: pT(top)

34

A discovery at Run-I

Measurements in dilepton, l+jets and all-jet final states 
NLO calculations and most MC do not describe pt-spectrum, all other distributions look good

Eur. Phys. J. C 75 (2015) 542 Eur. Phys. J. C 76 (2016) 128
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Differential tt at full NNLO

· k-factor between NNLO and NLO depending on 
pt(top), but not on other observables, m(tt), y(tt) 

· One of the unexpected features of SM physics 
discovered in Run-1 

· Data in use for PDF fits

35

ar
X

iv
:1

51
1.

00
54

9v
1 

 [h
ep

-p
h]

  2
 N

ov
 2

01
5

Cavendish-HEP-15/10, TTK-15-34

High-precision differential predictions for top-quark pairs at the LHC

Michal Czakon,1 David Heymes,2 and Alexander Mitov2

1Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

2Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

We present the first complete Next-to-Next-to-Leading Order (NNLO) QCD predictions for dif-
ferential distributions in the top-quark pair production process at the LHC. Our results are derived
from a fully differential partonic Monte Carlo calculation with stable top quarks which involves no
approximations beyond the fixed-order truncation of the perturbation series. The NNLO corrections
improve the agreement between existing LHC measurements [V. Khachatryan et al. (CMS Collabo-
ration), arXiv:1505.04480] and Standard Model predictions for the top-quark transverse momentum
distribution, thus helping alleviate one long-standing discrepancy. The shape of the top-quark pair
invariant mass distribution turns out to be stable with respect to radiative corrections beyond NLO
which increases the value of this observable as a place to search for physics beyond the Standard
Model. The results presented here provide essential input for parton distribution function fits,
Monte Carlo generator tuning as well as top-quark mass and strong coupling determination.

INTRODUCTION

There is remarkable overall agreement between Stan-
dard Model (SM) predictions for top-quark pair produc-
tion and LHC measurements. Measurements of the total
inclusive cross-section at 7, 8 and 13 TeV [1–5] agree well
with Next-to-Next-to Leading Order (NNLO) QCD pre-
dictions [6–11]. Differential measurements of final state
leptons and jets are generally well-described by existing
NLO QCD Monte Carlo (MC) generators. Concerning
top-quark differential distributions, the description of the
top-quark pT has long been in tension with data [12–14];
see also the latest differential measurements in the bulk
[15] and boosted top [16] regions. First 13 TeV measure-
ments have just appeared [17, 18] and they show similar
results, i.e. MC predictions tend to be harder than data.
This “pT discrepancy” has long been a reason for con-

cern. Since the top quark is not measured directly, but
is inferred from its decay products, any discrepancy be-
tween top-quark-level data and SM prediction implies
that, potentially, the MC generators used in unfolding
the data may not be accurate enough in their description
of top-quark processes. With the top quark being a main
background in most searches for physics beyond the SM
(BSM), any discrepancy in the SM top-quark description
may potentially affect a broad class of processes at the
LHC, including BSM searches and Higgs physics.
The main “suspects” contributing to such a discrep-

ancy are higher order SM corrections to top-quark pair
production and possible deficiencies in MC event gener-
ators. A goal of this work is to derive the NNLO QCD
corrections to the top-quark pT spectrum at the LHC
and establish if these corrections bridge the gap between
LHC measurements, propagated back to top-quark level
with current MC event generators, and SM predictions
at the level of stable top quarks.
Our calculations are for LHC at 8 TeV. They show

that the NNLO QCD corrections to the top-quark pT
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FIG. 1: Normalised top/antitop pT distribution vs. CMS
data [15]. NNLO error band from scale variation only.

spectrum are significant and must be taken into account
for proper modelling of this observable. The effect of
NNLO QCD correction is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15]. In addition
to the top-quark pT, all major top-quark pair differential
distributions are studied as well.

DETAILS OF THE CALCULATION

In the context of our previous work on the top-quark
forward-backward asymmetry at the Tevatron [19], we

Czakon, Mitov, Heymes, PRL 116, 082003 (2016)
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Run-II Early Analyses: the full 2015 dataset

37
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Run-II Early Analyses: tt+jetsJet	MulEplicity	at	√s	=	13	TeV	

§ New	ME	generator	+	PS	codes	in	Run	II	
§ PredicEons	overshoot	the	data	for	jet	large	mulEpliciEes	when	out	

of	the	box	parameters	(in	Monash-based	tunes)	are	used.		
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§ Low	jet	mulEpliciEes	à	SensiEve	to	Matrix	element	and	matching	to	
parton	shower.		

§ High	jet	mulEpliciEes	à	parton	shower	
§ x+jets	important	background	to	many	new	physics	searches	and	to	xH.		

TOP-16-011	

Monash	Tune:	Skands,	Carrazza,	Rojo,	EPJ	C	74	(2014)	1	

_

PS dominated

PS dominated

·tt+jets is dominant background in many new-physics searches and in ttH  

·Investigate MC description of radiation 

·CMS 2015 default: NLO+parton shower (Pythia8) using Monash-based tune CUETP8M1
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·Charged particle multiplicities in different event hemispheres → UE 
·Use Run-I and Run-II data to tune basic PS parameters - here: αS(ISR)

39

TOP-15-017                     

Tuning using Professor

18/05/2016 J. Fernandez 15

α S (ISR) = 0.115
– describes the overall jet multiplicity 
distributions better (indep. of the threshold)
– brackets previous results

Tuning α S (ISR) with the Njets > 3 
bins (where jets predominantly 
originate from the parton shower) 
used as input to Professor

Supplementary material to TOP-12-041arXiv:1510.03072 and  
RIVET: CMS_2015_l1397174

Charged particle spectra prefer 
scale-up variation, i.e. lower αS

αS(ISR)=0.115

Improved description for both Run-I and Run-II: 
αS(ISR) = 0.115

αS(ISR)=0.137
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Figure 1: Schematic view of the UE regions defined with respect to the azimuthal angle dif-

ference between the charged particle candidate and the axis of the tt system with a schematic

diagram of tt decay chain.

spectively. The factorization and renormalization scales are set to the transverse mass of the top

45
quark mt

T
in the tt rest frame and the PDF set used is NNPDF3.0 [17]. The generated events are

46
processed through the CMS detector simulation and reconstruction. The detector simulation

47
is based on GEANT4 [18]. To compare the results with simulations assuming different scale

48
choices, samples with scales varied both in the matrix element and the parton shower calcula-

49
tions are used. The simulated samples are re-weighted to match the observed distribution of

50
pile-up events.
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To identify tt events in the muon+jets final state, a data sample is selected with a single muon

53
trigger in which a transverse momentum (pT) threshold of 20 GeV is required for muons. Iso-

54
lation and identification criteria are also applied at the trigger level.

55

The particle-flow (PF) event algorithm reconstructs and identifies each individual particle with

56
an optimized combination of information from the various elements of the CMS detector. The

57
energy of photons is directly obtained from the ECAL measurement. The energy of electrons is

58
measured from a combination of the electron momentum at the primary interaction vertex as

59
determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum

60
of all bremsstrahlung photons spatially compatible with originating from the electron track.

61
The energy of muons is obtained from the curvature of the corresponding track. The energy

62
of charged hadrons is determined from a combination of their momentum measured in the

63
tracker and the matching ECAL and HCAL energy deposits. Finally, the energy of neutral

64
hadrons is obtained from the corresponding corrected ECAL and HCAL energy.

65

Run-II Early Analyses: UE and tuning of αS(ISR)
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Boosted Regime: tt cross sections

40

Boosted	Top	Pair	ProducEon	

§  Measurements	at	parton	and	parEcle	levels.		
§  Best	descripEon	with	MC@NLO+Herwig6.	
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Boosted	Top	Pair	ProducEon	

§  Measurements	at	parton	and	parEcle	levels.		
§  Best	descripEon	with	MC@NLO+Herwig6.	

19	 (GeV)
T

Particle-level t jet p
400 500 600 700 800 900 1000 1100 1200Th

eo
ry

 / 
Da

ta

0.5

1

1.5

 (f
b/

G
eV

)
T

/d
p

σd

-110

1

10
Data
Powheg+Pythia6
MadGraph+Pythia6
MC@NLO+Herwig6
Stat. uncertainty

 syst. uncertainties⊕Stat. 

CMS

 (8 TeV)-119.7 fb

Top quark y
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2Th

eo
ry

 / 
Da

ta

0.5

1

1.5

/d
y 

(fb
)

σd

0
100
200
300
400
500
600
700
800
900

Data
Powheg+Pythia6
MadGraph+Pythia6
MC@NLO+Herwig6
Stat. uncertainty

 syst. uncertainties⊕Stat. 

CMS

 (8 TeV)-119.7 fb

Resolved	topology:	
Each	parton	matched	
to	a	single	jet.	

“fat	jet”,	R=0.8	

Boosted	topology:	
à	Decay	products	collimated	

High	top	pT	or	high	mxbar	

arXiv:1605.00116	

Available	in		
RIVET	

Probing the dynamics of tt production
• Differential measurements: feasible and necessary  

• we’re testing QCD, measuring top properties, searching for new physics, … 

• function of top kinematics, top pair kinematics, global variables, associated production

• Even if most top quark pairs are produced at rest 

• σ(Mtt>1 TeV at 13 TeV) = 8.2 x σ(Mtt>1 TeV at 8 TeV)  

        ⇒ unique opportunity to probe the transition to boosted regimes at 13 TeV

• cover continuously the full dynamics by using appropriate reconstruction techniques

20

L. SkinnariK. Kousouris

 arXiv:1605.00116

Run-II: enhanced cross sections in boosted regime

_

pt(top) trend continues to high pt

http://arxiv.org/abs/1605.00116
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Boosted Regime: Z’→tt search

- Christian Schwanenberger -Top Precision and Searches DESY Physics Seminar

Cross Sections: 13 TeV/8 TeV

17
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1.2 Cross section ratios: 13 TeV / 8 TeV 

➞ excellent prospects for top physics 41

13/8 TeV cross section ratio 
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ttZ and ttW

42

_
J. High Energy Phys. 01 (2016) 096
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·Five multi-lepton event categories:                                         
2ℓ OS, 2ℓ SS, 3ℓ ttZ, 3ℓ ttW, 4ℓ 

·Kinematic reconstruction followed by MVA 
Profile likelihood fit to extract signal strength 

·Also in paper: first constraints on ttZ 
couplings and several dim-6 operations

http://arxiv.org/abs/1510.01131
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Run-II Early Analyses: tt+Z
·ttZ cross section ~4 times higher than at 8 TeV 

·Count 3- and 4-lepton events in eight categories of jets and b-jets

43
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_

σttZ (13 TeV) = 1065 +352-313stat +168-142syst  fb
Significance = 3.6 (3.1) σ obs (exp.) 

Signal strength = 1.27 ± 0.4stat ± 0.2syst 
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34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
�1.3 6.8 11.9 8.8 [5.7, 14.3] [4.0, 22.5]

3l +3.1+2.4
�2.0 7.5 5.0 4.1 [2.8, 6.3] [2.0, 9.5]

Same-sign 2l +5.3+2.1
�1.8 9.0 3.6 3.4 [2.3, 5.0] [1.7, 7.2]

Combined +2.8+1.0
�0.9 4.5 2.7 1.7 [1.2, 2.5] [0.9, 3.5]

 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

Htt
µ0 1 2 3 4 5

 ln
 L

∆
-2

 

0

1

2

3

4

5

6

7

8 Observed

Expected

CMS

, WW, ZZγγ, ττ, b b→H, H tt

 = 125.6 GeVH m

 -0.9
+1.0 = 2.8 

Htt
µ

-1 = 8 TeV, 19.3-19.7 fbs;  -1 = 7 TeV, 5.0-5.1 fbs

Figure 13: Left: The best-fit values of the signal strength parameter µ = s/sSM for each ttH
channel at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed
to be below approximately �6 by the requirement that the expected signal-plus-background
event yield must not be negative in either of the two jet multiplicity bins. Right: The 1D test
statistic q(µttH) scan vs. the signal strength parameter for ttH processes µttH, profiling all other
nuisance parameters. The lower and upper horizontal lines correspond to the 68% and 95%
CL, respectively. The µttH values where these lines intersect with the q(µttH) curve are shown
by the vertical lines.

tt+Higgs

44

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 5

ttH Production

> Strong increase of cross section with center-of-mass energy
(mH = 125 GeV)

> Luminosity of 2015 dataset 2.3 – 2.7 fb-1

! Equivalent to ≈ 50% of 8 TeV statistics

> Dominant background tt+X
! Similar increase in cross sections

ttH (NLO) Cross section
7 TeV 89 fb
8 TeV 133 fb

13 TeV 507 fb
x3.8

JHEP 09 (2014) 087

_

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 3

Higgs Boson Production at LHC

> In SM, top-Higgs Yukawa coupling strongest (YT ≈ 1)

t, b, ???

g

g

t

t

H

_

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 3

Higgs Boson Production at LHC

> In SM, top-Higgs Yukawa coupling strongest (YT ≈ 1)

t, b, ???

g

g

H

Break up top-quark loop → measure Yt directly

CMS Run-I
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Run-II Early Analyses: tt+Higgs
H→ γγ 

· Background low, clear mass peak 
· One category of H→ γγ analysis 
· Critical: calibration

45

HIG-15-005 
HIG-15-008 
HIG-16-004 

pre-fit

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 9

> High-purity ttH selection
! Statistically limited, small impact of systematics

ttH(γγγγγγγγ) – Signal Separation

5.4
6.3obs 8.3ˆ +

−=µ

> Same strategy as for inclusive H"γγ

! Search for resonance in mγγ

> Smooth fit functions,
several functional forms
! Control regions by

inverting photon ID + loosened event selection
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If ttH complies with SM expectation expect discovery very soon

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 11

> Combined fit of all
sub-categories

ttH(multileptons) – Signal Separation

BDT
ttH vs. tt+jets

BDT
ttH vs. tt+Vtrilepton

4.1
1.1obs 6.0ˆ +

−=µ Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 11

> Combined fit of all
sub-categories

ttH(multileptons) – Signal Separation

BDT
ttH vs. tt+jets

BDT
ttH vs. tt+Vtrilepton

4.1
1.1obs 6.0ˆ +

−=µ

H→multileptons 
· 2ℓ(ss) or 3ℓ + > 2jets (1b-tag) 

· MVA in categories,                    
Separate trainings against tt and ttV  

· Diboson bg from control regions 
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ttH(bb) – Results

> Combined fit of all categories

> Systematics dominated

8.1
8.1obs 0.2ˆ +

−−=µ

1.7σ below SM expectation

H→bb 
· dominant background from ttbb  

· combined matrix element 
method and BDT
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Theory prediction

46

New frontiers for Run-II →

The Present Run-I and Run-II cross sections

systematics- 
limited

statistics- 
limited

tt
single top

ttZ
ttH
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we are still 
here

100

40
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60

80

LHC Run 2 expected luminosity

47

June 2016 Dec 2018Dec 2016

The Future

July 2015

we will be here

·Top quarks: QCD, electro-weak and New Physics 

·Run-II Early Analyses: Many public results from CMS 

·In 100 fb-1 expect per experiment by 2018:                                       
80m tt, 20m single top, 80k ttZ and 80k tZq events 

·Statistics → systematics and reach 

·Further substantial progress in experiment and theory - 
and maybe surprises



Backup
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Charm Mesons from Top Decays

49
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